Abstract--The paper describes some of the initial results of the CIGRE Working Group C4.605 "Modeling and aggregation of loads in flexible power networks". One of the tasks of the working group is to provide recommendations on developing equivalent static and dynamic models for clusters of diverse loads/generators, i.e., models of distribution network cells and microgrids and recommendations on procedures for data/response gathering and processing. This paper focuses on critical review of existing literature on aggregated models of wind-based generation, active distribution network cells and microgrids for power system studies.
I. INTRODUCTION
Although load modeling is a mature topic with significant previous research and effort having been applied to this subject, there is a renewed interest in industry and academia for this important topic. This interest is particularly fuelled by the appearance of new, non-conventional types of loads (power electronics based or interfaced through power electronics) and requirements to operate modern electric power networks with increased penetration of nonconventional (mostly intermittent) types of generation and power electronic devices in a secure and efficient manner. The flexible operation of future distribution and transmission power networks will depend even more on adequate modeling of all network components.
CIGRE Working Group C4.605 was established in February 2010 with the main objective to identify existing and to provide guidelines for development of new, realistic generic static and dynamic models of power system loads for the analysis of transmission and distribution networks (i.e. networks with voltage levels ranging from 6kV, or 11kV, to 400kV, or above). Generally, the network buses where considered loads are connected are assumed to be predominantly passive. However part of the work is dedicated to representation of static and dynamic models of active distribution network cells (DNC), i.e. network buses, or parts of the network consisting of several buses, where a significant amount of distributed generation (DG) is connected and which at specific periods of time (e.g. at minimum loading conditions) is a net exporter of active power, but at other time periods (e.g. at maximum loading conditions) may be a net importer of active power. The active distributed network cells can be modeled as combination of aggregate passive components (composite load models and aggregated active components (models of DG present in the DNC). For complex DNCs with distributed generators of diverse types and sizes the entire DNC can be represented with one equivalent model. This task therefore started with reviewing the state of the art in aggregated DG modeling and active DNC equivalencing. This paper presents literature overview of aggregated models of wind-based generation (large, medium, small and micro scale), since this is one of the main DG technologies, as well as aggregated models of DNCs and microgrids (MG).
II. AGGREGATED MODELS OF WIND-BASED GENERATION
Wind-based generation is the prevailing technology in the distributed generation technology mix. It is currently present at all scales and levels of implementation, ranging from multimegawatt wind turbine generator (WTG) units installed in large wind farms (WF), to sub-kilowatt units operating in individual installations. The dynamic response of wind-based generation can be represented with detailed models of all individual generators. However, with hundreds of WTGs connected in transmission and distribution networks, it is unreasonable to model each WTG in detail for distribution and transmission system studies. There is a need for equivalent WTG models that accurately represent aggregate WF behavior at grid connection point without significantly increasing computational efforts.
A. Aggregated Wind Farm Models
Comprehensive literature overview on modeling of individual WTG and other DG technologies is given [1] . This section focuses on aggregated models of wind farms only. Depending on the nature of the studies and assumptions made different aggregation approaches can be used:
1. The ultimate simplification is the aggregation of the entire wind farm into an equivalent WTG, [2] , [5] - [7] . This approach assumes either the same wind incident on all WTGs or average wind incident on individual WTGs, which is applied on aggregated model of the WF. Generator rating is scaled and the rest of the individual WTG parameters remain unchanged in per unit (pu) on aggregated machine base 1 .
Another approach is aggregating the WTGs into groups.
Wind turbines with similar input wind speeds can be grouped together and represented by an equivalent WTG, [2] , [8] - [10] , [13] , [14] . Grouping can also be applied if several WTG technologies are used within a particular wind farm, then each technology can be represented by an equivalent WTG. 3. In order to reflect different wind speed conditions within a wind farm, mechanical system, i.e. drive train, can be modelled separately for each WTG, whereas the generator and electrical control system, e.g. converter controls, can be aggregated into its equivalent representation, [2] , [3] , [5] , [11] . Methods 2 and 3 have an advantage of simulating WTG speed fluctuations more accurately which may be important if overspeeding due to faults leads to individual WTG disconnection.
4. For planning studies involving future WTGs, whose capabilities are still unknown or need to be defined, the most conservative assumption is a strict fulfilment of the grid code requirements. For this type of system studies it might be sufficient to simply emulate performance of a WF at the grid connection point, based on the different WTG technologies and their technical capabilities such as low voltage fault ride through, reactive current supply, synthetic inertia 2 , etc. in accordance with grid code requirements, [4] , [12] . For example the simplified model developed by REE [12] , is primarily aimed for planning studies, and it is a useful tool for both, modelling future WTGs with respect to common Spanish grid code requirements and for identifying the needs of the power system. Above all if there is a very large proportion of installed wind capacity compared to conventional generation and the development of some additional controls in the WTGs could be necessary to provide the basic ancillary services for the system. This model is not a component-based model but it is a performance-based 1 It is assumed that individual WTG parameters are provided in per unit on individual machine base 2 Synthetic inertia or simulated inertia a facility provided to replicate the effect of inertia of a synchronous generating unit to a prescribed level of performance.
model, see Figure 1 . It does not represent any specific type of WTG, but allows obtaining average responses from different WTG technologies by adjusting the model parameters. Although this performance-based model cannot replace the manufacturer's models it can be used as a reasonably good approximation in the absence of the former. A further consideration in aggregated modeling is representation of the WF cable network. In [3] , [5] , [7] and [11] , an approximate method is presented using short circuit fault calculations for deriving the values of a series reactance that represents the cable network. This reactance is placed in series with the WF transformer. The size of this reactance is much smaller than that of the leakage reactance of the WF transformer, so it may also be neglected without a significant loss of accuracy. Figure 2 illustrates the responses during and after an external network voltage dip from a 68 MW WF based on DFIG technology aggregated in accordance with Methods 1, 2 (including aggregation of the WF cable network) and Method 4. The response of the detailed WF model is also illustrated. It can be seen that there is no significant difference between the responses from different aggregated equivalents and detailed model. The response of the performance-based model differs from the others due to more general nature of the performance based model.
B. Conclusions and recommendations
In aggregating wind turbine generators the final decision on the level of simplification depends on the type of the study and the level of accuracy required. Generally, for the studies related to localized issues (e.g. local voltage stability) and in the electrical vicinity of the WF it is desirable to represent the WF in more detail (e.g., WTGs inside the WF could be scattered over several kilometers and voltage can vary through the WF causing the number of machines being tripped on low voltage). On the other hand, WFs remote to the studied region may be modeled with aggregated models and still yield adequate study results with a fraction of computational effort. Further details and recommendations on wind farm modeling and aggregation can be found in [2] . 
C. Aggregated Models of Micro and Small-scale Wind
Generation Although micro and small-scale WTG units (with rated power < 50-100 kW) are highly dispersed and small in size, their total number can be high in certain parts of a distribution network (e.g. in a large urban area). A few thousands of micro-WTGs even with a very small individual rated powers could easily match a medium-size WF with the power in the region of few (tens of) MWs. In such cases, aggregate effects micro/small WTGs are, in essence, similar to those of medium to large-scale technologies.
According to [15] , wind-based electricity generation is identified as one of the main technologies to participate in the UK microgeneration mix, while [16] indicated that up to 1.3GW of micro-wind can be installed in the UK by 2020. Similarly, in [17] is forecasted that up to 1.7GW of microwind could be installed in the US by 2013. The actual statistics and figures for the number of installed micro-wind systems in the UK [18] indicate a 14-fold increase during the past five years -from about 1,000 WTG units in 2005 to about 14,000 in 2009. The increase of micro/small WTG installations in the future may be even higher, as recently introduced feed-in tariffs ( [19] , valid for the next 20 years for ≤50 kW installations) allow the developers who generate their own electricity from micro WTG systems to receive a minimum payment for all the electricity produced by the system, plus an extra payment for any electricity exported to the grid.
A vast majority of the existing literature on modelling and representation of micro and small-scale wind-based generation technologies considers and discusses only individual parts of the whole WTG system namely, mechanical energy conversion system, electrical conversion system controller (with a rectifier and optional charger for energy storage), or inverter interface (required for grid connection). A substantial number of references concentrate on off-grid WTG applications, which cannot be directly used for the analysis of active distribution network cells. Generally, aggregate modelling of micro and small-scale wind-based generation is a topic which is virtually non-existent in the available literature.
One of the first attempts to assess the potential effects of micro-WTG on distribution network is presented in [20] . The impact of micro-wind is assessed using the actual measurements from four small wind turbines, which are then simply scaled-up in order to model high penetration levels (50% of the peak load). In [21] , a WTG is modeled for steady state operating conditions, with a look-up table representation of the inverter. Only power outputs for the model are provided, with no output current/voltage waveforms, or total harmonic distortion (THD) values. In [22] , an experimental/novel WTG machine is modeled, together with an analytical representation of turbulence in input wind energy resources. The aggregation of five WTG units is attempted at the dc output voltage level. A recent experimental validation of a WTG model (single WTG unit in off-grid mode) is reported in [23] , again without the inverter, showing only dc link output voltages.
A database with more than 150 micro/small WTGs from more than 60 different manufacturers is collected for the analysis presented in [24] . It is shown that characteristics (i.e. power curves) of majority of micro WTGs currently available in the market can be correctly represented using only four "generic wind turbines" and corresponding "generic power curves", normalised using WT swept areas, Figure 3 . Expected annual energy outputs and cost-benefit analysis are obtained using steady state and dynamic models of three actual and four generic micro/small WTGs. Using generic models proposed in [24] aggregate representation of a number of micro/small WTG units in an urban area is presented in [25] . The impact of urban microwind generation on the steady state network performance (power flows and voltage profiles) is analysed taking into account variability of wind energy inputs as well as demandresponsive load.
D. Conclusions and recommendations
As micro/small WTGs operate in parallel with loads connected within the end-users' LV installations, their aggregation should be performed together with the aggregation of LV system loads. Correct assessment of the performance of aggregated WTGs, therefore, requires both spatial and temporal correlation of input wind energy resources and output powers with the corresponding variations in characteristics and demands of modelled/aggregated system loads. The initial results of the work presented in [26] and [27] demonstrate that the aggregation of micro/small WTGs can be performed by using generic WT models from [24] and taking into account both variations between the different locations and long-term (seasonal), as well as medium to short-term (daily or hourly) variations in available wind energy resources.
III. EQUIVALENT MODELS OF DISTRIBUTION NETWORK CELLS
Large-scale integration of various DG technologies into the distribution networks leads to a gradual transition from passive to active distribution networks with a large number of small to medium size generators. The dynamics introduced by these generators cannot be neglected in system studies at one hand, and on the other, detailed modelling of the whole network is not practical due to computational and time constraints as well as due to difficulties of modelling a large number of active sources within the network. Approximating the dynamics of these networks using passive lumped loads, as it was done in the past lacks the accuracy required for the analysis of dynamic behaviour of DNCs with respect to the transmission network [35] . Developing dynamic equivalents of active DNC therefore becomes essential [29] , [30] , [35] , [47] , [48] .
Traditional methods to build dynamic equivalents have been developed for transmission systems with relatively small number of large synchronous generators concentrated into a few areas. In contrast, DG units are numerous and not limited only to synchronous generators. Many of them are based on induction machines, use power electronics and have quite different control systems which can be hardly aggregated [29] , [30] . Moreover, term "coherency", which is widely adopted by classical reduction methods, cannot be used since induction generators do not have synchronizing torques and power electronic interfaces can almost completely separate, in a dynamic sense, the generator from the network.
A dynamic equivalent of DNC using Hankel norm approximation is reported in [28] - [30] . The model was developed based on calculating the specific operating point data using the load flow calculation. The proposed model is tested on a distribution network containing WTGs (squirrel cage induction generator and doubly-fed induction generator), microturbine, combined heat and power (CHP) plants and a diesel generator. The loads in DNC are represented as constant impedances. However, the dynamic equivalents produced present a limited accuracy when the operating point moves away from the base case.
Another form of dynamic equivalent model of a DNC was developed using a system identification procedure and blackbox modelling [31] , [32] . The DNC was modelled as a black box due to a lack of detailed information on the network structure and parameters. The proposed model is tested on a distribution network containing steam, diesel and hydro generators. The voltage and frequency are used as the input, and active and reactive power as the output of the black box model. The parameter identification is performed by importing the input and output data into the MATLAB System Identification Toolbox. The model is developed in the form of state space auto-regressive model with exogenous input (ARX). Its main advantage is the simplicity of implementation as it does not require detailed network information. The model however, is highly dependent on the type and location of the disturbance.
A generic nonlinear dynamic equivalent model based on recurrent Artificial Neural Networks (ANN) is presented in [35] , [43] . The development of dynamic equivalent does not require the specification of a particular model configuration in advance. The target model is defined through both the structure and parameter description of the ANN. Concerning the lack of detailed information and the difficulty of modelling a large number of different active sources, this can be considered as an advantage. In addition, the accuracy of the developed model is not significantly affected by changing the operating point and hence it is not restricted to certain initial power flow conditions. Nevertheless this work only considered fuel cells and microturbines as DG in the network.
The equivalent DNC model presented in [38] is developed based on Prony analysis and Nonlinear least square optimization. The MATLAB software is used as the tool to perform the parameter estimation procedure based on simulated dynamic responses of DNC obtained from Power Factory DIgSILENT software. The model estimation procedure is evaluated on a UK 11 kV distribution network comprising various types of loads and distributed energy resources. The model is given in the form of an equivalent second order transfer function that is particularly useful for modeling DNC where one oscillatory mode clearly dominates its dynamic response.
The extension of the model presented in [38] is reported in [39] relying on the system identification theory and grey-box approach. A grey-box approach was chosen as it incorporates prior knowledge about distribution network structure. This ensures that the developed model is physically relevant, intuitive and accurate. The equivalent model of DNC comprises of a converter-connected generator and a composite load model in parallel. The dynamic equivalent model is presented in the form of sixth-order nonlinear state space format and developed from the algebraic and differential equations describing assumed typical components of DNC. The voltage and frequency at the point of connection are defined as the inputs and the real and reactive power are presented as the outputs of developed equivalent model. The detail parameter estimation procedure and validation of developed model is described in [40] . The equivalent model and parameter estimation procedure is implemented in MATLAB System Identification Toolbox based on Nonlinear least square optimization. The model is evaluated by comparing the responses of case study DNC obtained from DigSILENT and those obtained by the model. The limitation of this proposed model is that it does not consider the other types of distributed generator (DG) especially the fuel cell and photovoltaic which have different type of generations and power electronic interfaces.
A. Conclusions from DNC modeling review
Generally most of the work done in this area only considered the static loads as the load models in the dynamic equivalent model of DNC [28] - [30] , [34] - [36] . Only a few papers take into account the dynamic load models [37] , [39] , [40] . The induction motors are usually the most significant contributors to load dynamic characteristics as motors consume 60 to 70% of the total energy supplied by a power system [41] and therefore for transient stability analysis in weak interconnected power systems (like DNC), the load should be modelled as a combination of static and dynamic part reflecting induction motor contribution [42] .
Since DNC is no longer passive network, the DGs have to be also considered in developing equivalent DNC models. A reasonable balance between detail DNC model and simplified model must be found to avoid computational constraints and to preserve required accuracy. Linearization and model reduction of active DNC are only appropriate under certain conditions [28] - [30] as they generally limit the application of the model and render it unsuitable for large disturbance studies [28] - [30] , [37] .
System identification techniques in combination with some general knowledge of network structure, if applied adequately, are suitable for DNC model development as they rely on actual measured system responses and can be easily validated [31] - [33] , [38] - [40] .
IV. DYNAMIC EQUIVALENTS FOR MICROGRIDS
Large deployment of microgeneration units in LV networks exploiting the microgrid (MG) concept will extend the philosophy of horizontally-operated power systems to the LV level. Although MG are dominated by inverter interfaced microgeneration systems that are inertia-less, they offer the possibility of a very flexible operation allowing the MG ability to behave as a coordinated entity in both interconnected and islanded operation [45] . Storage technologies are important components of MG with the duty of helping MG stabilization during transients and following islanding.
In order to operate a MG reliably, transient stability analysis should be performed at the MV level. From the possibility to have hundreds of these active cells connected to the MV network, a large number of active sources together with their inverter interfaces should be considered and therefore a very high dimensional system will arise. So, the use of detailed models for MG components implies a computational burden which will render the study of MG dynamic behavior unfeasible. Therefore, appropriate dynamic equivalents for MG are required in order to speed up numerical simulations [33] , [48] and to represent the MG's dynamic behavior with respect to the MV network.
The detailed model of the whole MG network is divided into two parts: The internal subsystem that has to be retained for detailed analysis and the external subsystem that will be replaced by the equivalent model [33] , [48] , as depicted in Figure 2 . The dynamic system to be identified consists of a set of differential and algebraic equations corresponding to the dynamic models of the several microgeneration systems describing the state evolution over time of the physical system -the microgrid [49] . The system identification procedure consists of finding mathematical representation of the physical MG built upon the corresponding MG detailed model.
The model involves defining input and output signals the purpose of the model, characteristics of input signals, equal data distribution and MG dynamic properties. The MG detailed model is excited through efficiently generated disturbance scenarios into the internal subsystem and the corresponding MG dynamics are captured as electrical variables measured at the system boundary. Thus, the MG dynamic equivalents will react to the boundary bus voltage and system frequency changes by varying the injected current into the retained subsystem. Regarding the inverter controls, the single master operation (SMO) control strategy can be commonly used when the MG is operated in interconnected mode, thereby assuring a smooth moving of MG to islanded operation in emergency conditions. When the MG is operated in islanded mode, the microgeneration will participate in primary frequency control through the voltage source inverter (VSI) control of the MG main storage device and, in addition, will provide secondary frequency control by means of the controllable microgeneration systems [45] - [47] . Based on these physical insights, two different time scales regarding the MG dynamic response can be distinguished [33] , [48] . The main storage device interfaced through a VSI has fast dynamic responses and the controllable microgeneration systems interfaced through PQ inverter controls have slow dynamic responses. Therefore, suitable dynamic equivalents for MG comprise the detailed model of the main storage device VSI control and the MG slow dynamics equivalent model corresponding to the aggregated model of the remain MG components, as it can be observed from Figure 4 . Therefore, the aim of the system identification procedure is to identify the equivalent model of the MG slow dynamic behavior [33] , [48] .
Two distinct identification methodologies can be used to derive dynamic equivalents for MG [49] : Time delay neural network (TDNN) based models and physical based models.
The TDNN based MG slow dynamic equivalent model is presented in Figure 5 . After the training procedure, the performance of TDNN based equivalent models is evaluated using the dynamic simulation platform, being embedded into the validation model, replacing thus the MG slow dynamics detailed model. For this purpose the TDNN based model requires two auxiliary functions to prepare the TDNN inputs and outputs to be integrated into the dynamic simulation platform, as it can be observed from Figure 5 . In contrast with TDNN based MG dynamic equivalents, the physical modeling approach is based on the available physical knowledge about MG dynamics and composition. Therefore, the data set requirements are less demanding. The physical laws that approximate the MG slow dynamics under the study are similar to those that govern the active power control in a diesel group [33] , being the parameterized model structure represented in Figure 6 .
The model parameters, gathered into the vector can be identified using a system identification procedure, exploiting evolutionary particle swarm optimization (EPSO) as the optimization tool [49] . Since the MG slow dynamics equivalent model represents a current source, the instantaneous power theory [50] was used in order to determine the injected currents into the internal subsystem. 
A. Conclusions and recommendations
Comparing the performances of both TDNN based and physical MG dynamic equivalents, the following remarks can be highlighted: Both approaches reproduce with high accuracy the MG dynamic behavior under several operating conditions, even differing far from those ones used to extract training patters and a considerable speed up was achieved. However, a considerable computational effort is required to derive the TDNN based MG dynamic equivalent and its domain of validity is restricted to the test system used to generate the data set. To replace a different MG requires another training procedure. These weaknesses can be overcome through the physical MG dynamic equivalent. On the one hand, the computational effort required to derive it is quite reduced and, on the other hand, its domain of validity can be extended to different test systems. Moreover, the MG equivalent model can be easily integrated in the existing dynamic simulation tools.
V. FUTURE WORK Aggregation of distributed generation and modelling of the DNC is relatively new area of research. One of the tasks of the CIGRE C4.605 working group is related to representation of static and dynamic models of DNCs, for which initial results are presented in this paper. The work will continue with a further literature review of equivalencing and modelling for other types of D. Aggregation of power electronic interfaced DG systems (both generation and storage) and emerging load types (e.g., power electronics controlled loads) as well as combination of the two are of particular interest. Based on the review of available literature, for the duration of the working group, and ongoing research efforts of group members a methodology will be recommended for development of equivalent models for active distribution network cells. Illustrative equivalent models of DNC will be also presented and their applicability in large system studies discussed.
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